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Abstract 
The paper presents the results of experimental investigations of nonlinear elastic properties of boundary between two rough 
surfaces of solids. The study was carried out using surface acoustic waves (SAW). We investigated the effect of the static 
pressure applied to the boundary of two solids and the amplitude of the probing SAW on efficiency of second harmonic 
generation at the border of rough surfaces. Nonlinear acoustic parameter of the second order depending on the external pressure 
applied to the interface was calculated. Analysis of the experimental results based on the theory of contact acoustic nonlinearity. 
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1. Introduction 
The investigation of elastic properties of the boundary of two solids is crucial not only for diagnostics of 
microcracks and new multilayer composite materials, but also for investigation of nonlinear elasticity.  The probable 
physical mechanisms of structural nonlinearity were described by Rudenko et al. [1]. One of those mechanisms is 
contact acoustical nonlinearity (CAN), studied by Solodov et al. [2]. For the first time nonlinear elastic properties of 
two solids border were studied by Richardson et al. [3].  It was observed that the contact area between two flat rough 
solids acts the source of elastic nonlinearity, which is much higher than classical nonlinearity in the same solids.  
Nonlinear reflection of flat elastic shear wave from the two rough solids boundary was investigated by Solodov et al. 
[4]. Both fundamental frequency and the second harmonic were detected in the reflected wave spectrum. The results 
of this experiment had been analyzed by Rudenko and Chin [5]. Results of experimental and analytical research of 
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reflection of longitudinal acoustical waves from granular layer were presented by Korobov et al. [6]. The aim of this 
study is the investigation of the impact of different grade of material roughness of the border between two solids on 
its nonlinear properties and possibility to use these effects for material surface state diagnostics by acoustical surface 
waves (SAW). 
2. Experimental setup and specimens 
The experimental setup is shown in Fig. 1. SAW at a frequency of 1.25 MHz was excited on the surface of the 
duralumin padding using wedge transducer with a resonant frequency of 1.25 MHz. Transmitted SAW was detected 
by wedge transducer with a resonant frequency of 2.5 MHz.  
 
 
Fig. 1. Experimental setup: (1) – wedge transducers, (2) – specimen, (3) - pressure sensor, (4) - the padding, (5) – jack, (6) – computer, (7) - 
RITEC- RPR 5000, (8) - rejection filter. 
This transducer efficiently registered SAW with frequencies 1.25 MHz and 2.5 MHz. We used rejection filter on 
frequency of the probing signal when measuring the second harmonic signal. Samples were pressed to the padding 
with jack. An electronic sensor measured the force was applied to the sample. Three samples with different 
roughness of the surfaces were prepared. On their surface were created microinhomogeneities using sandpapers, 
which had different dimensions of abrasive pellets: granule size P 60 (250-300) microns, P 320 (44.7-47.7) microns, 
P 800 (20.8-22.8) microns. Ultrasound measurements were performed using an automated measuring complex RPR-
5000 (RITEC, USA) (Fig. 1).   
3. Experimental results and discussion 
The impact of external static pressure on nonlinear properties of SAW propagating along flat rough 
sample/padding border was studied experimentally. The first harmonic (f=1.25 MHz) with amplitude Af  and second 
harmonic (f=2.5 MHz) with amplitude A2f in SAW spectrum propagated along the border were detected: 
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The dependence of second harmonic amplitude A2f upon the fundamental frequency amplitude Af  is described by the 
equation: 
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N - 2nd order nonlinear acoustical parameter (NAP), which characterizes elastic nonlinearity of solids, described by 
Rudenko at [1].  
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The results of dependence of fundamental frequency and second harmonic of SAW upon the probing signal 
amplitude are shown in Fig. 2a,b. The linear dependence of first harmonic amplitude on the probing signal amplitude 
proofs that the equipment did operate linearly without bringing additional nonlinear artifacts during second harmonic 
registration. The suggested sources of second harmonic could be wedge transducers; padding anharmonicity of 
interatomic interaction caused elastic nonlinearity; nonclassical nonlinearity in the sample/padding border. The first 
two reasons of second harmonic emission are not external static pressure related. The absence of the sample 
demonstrates the smallest second harmonic amplitude, as shown in Fig. 2b. It suggests the second harmonic signal 
amplitude caused by crystal mesh disbalance and wedge transducers nonlinearity is smaller than the second 
harmonic amplitude caused by elastic nonlinearity of sample/padding border. 
The nonclassical elastic nonlinearity on the rough surface border of two solids can be explained by following 
reasons: SAW has elliptic polarization and consists of two components: shear component, normal and longitudinal 
one, parallel to the border of two solids. As the result there are two mechanisms of nonclassical elastic nonlinearity: 
CAN caused by shear component of SAW, which induce second harmonic generation on compressed border and 
hysteretic nonlinearity caused by longitudinal component of SAW, which induces odd harmonics generation 
discussed by Meziane et al. [7]. We have not investigated generation of odd harmonics.  
 
 
              
Fig. 2. ɚ, b) Dependence of the amplitudes of the 1st and 2nd harmonics on the amplitude of probe signal; c) dependence of the normalized NAP 
on pressure for samples with different roughness of surface; (d) effect of waviness of the surface on NAP. 
To investigate the influence on the elastic nonlinearity of the pressure boundary and the magnitude of surface 
roughness of the sample, we conducted a series of experiments with three samples having different surface 
roughness. For a fixed value of the amplitude of the probe signal we investigated the effect of external pressure on 
the border of the sample/padding on the amplitude od second harmonic of SAW. These measurements allowed us to 
calculate the dependence of the NAP on pressure for each of the samples, as shown in Fig. 2c. NAP 
nonmonotonically depended on the pressure applied to the sample: with increasing pressure, it increased, passes 
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through a maximum and with a further increase in pressure starts to decrease. However, the maximum value of non-
linear parameter and the pressure range in which NAP changed, were different for each sample: the highest values of 
the nonlinear parameter match to the sample treated with sandpaper P 800 with the smallest size of the abrasive 
fractions, the smallest NAP match to the sample treated with a rough sandpaper.  
Sources of CAN are contacts of microprojections on the sample/padding border. The number of microprojections 
on the surface, and their height is different in each sample: with increasing of grain size of the abrasive material used 
for the surface treatment of the sample, the number of sources of nonlinearity (microprojections) became smaller; 
this leads to a decrease of the nonlinear parameter. Height of microprojections was randomly distributed. 
Microprojections, change in the length of which at compression is less than or equal to the amplitude of the shear 
component of the SAW give contribution to elastic nonlinearity. The number of interacting contacts at the boundary 
sample/padding increases with increasing of pressure, this leads to an increase of CAN as studied by Rudenko and 
Chin at [5]; after all contacts are preloaded, nonlinear parameter goes to "plateau", as shown in Fig. 2d. This 
behaviour of NAP (growth, decline, then rise and access to the "plateau") is explained as follows: first there is an 
increase in the number of contacts that interact with the increasing of external preload and the number of sources of 
nonlinearity increase too as a consequence, NAP increases. Then all contacts are drawn in, and NAP decreases (it is 
analogue of Hertz nonlinearity, which was studied by Korobov et al. [6,8]) . With a further increasing of pressure, 
the surface waviness, which has not been previously activated begins to react and it leads to increasing of CAN and 
then to accessing the "plateau". 
4. Conclusion 
We performed experimental study of nonlinear elastic properties of SAW on the border of two rough surfaces 
depending on external pressure applied to them. We observed in the spectrum of the transmitted acoustic wave the 
fundamental frequency and second elastic harmonic. The effect of the roughness of the boundary and the pressure 
applied to the boundary on the magnitude of the nonlinear acoustic parameter (NAP) was studied. It has been found 
that the amount of NAP nonmonotonically depends on the pressure and the size of the roughness of the boundary 
and its waviness. Analysis of the experimental results based on the CAN. The proposed method can be used in non-
destructive testing for the diagnosis of surface roughness and waviness of flat solids.  
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